The turnover of the proteomes of organelles in plant cells are known to be governed by both whole cell and organelle-specific processes. However, the rate and specificity of this protein turnover has not been explored in depth to understand how it affects different organellar processes. 
Introduction
Proteomics has matured to the point where it is considered a high-throughput systems biology technique, approaching the robustness, but still lacking the depth, of transcript profiling. As a result of the dramatic increase in sensitivity and resolution of mass spectrometry (MS) instrumentation, modern proteomics can now identify thousands of proteins from a sample in a matter of hours 1 . In addition to mere identification, quantitation of proteins has also become routine using gel-based methods, stable-isotope labeling techniques, as well as label-free methods 1 . While such measurements have proven useful in helping to understand biological phenomena, abundance values by themselves do not provide insight into the underlying mechanisms that determine these values. Protein synthesis and protein degradation are the competing processes that determine a polypeptide's abundance.
Protein synthesis is typically thought to be independent of protein abundance, but rather correlates with transcript occupancy on ribosomes, most likely in a linear manner. In contrast, protein degradation is believed to be a function of protein abundance and is an exponential process 2 . The rate of protein degradation will also vary depending on the catalytic rate of the proteolysis machinery at a given location within the cell.
Early studies of protein turnover typically involved radiolabeling of proteins, a slow and tedious process that only yielded estimates for total protein turnover or degradation rates for just a few proteins 2, 3 . Given the advent of several new technologies, including MS, researchers have begun to produce high-volume datasets that report turnover rates on a proteome scale. Different techniques have proven effective in high volume studies, with some of the more frequently used methods including fluorescent tagging in conjunction with flow cytometry, TAP-tagging and mass westerns in combination with application of cycloheximide, and stable-isotope ( Arguably, the stable-isotope/MS approach has become the most popular in recent years and offers several benefits. Such benefits include sensitivity, parallel measurement of many proteins, minimal system perturbation, simultaneous measurement of synthesis and degradation, and measurements for proteins that are natively folded and in the appropriate subcellular localization 3 .
The first study that used stable isotopes and MS to measure protein degradation rates (K d ) in a highly parallel fashion occurred more than a decade ago in an auxotrophic yeast line grown in a chemostat with isotopically-labeled leucine 4 . Similar approaches have since been used to measure K d in bacteria, cell culture, and even whole organisms [5] [6] [7] [8] [9] . The counterpart to K d is protein synthesis rate (K s ), which some studies have reported as well 8, 9 . In plants,
there are a few studies that have assessed protein turnover. In one report, deuterium oxide was used to rapidly label proteins in Arabidopsis seedlings and study cullin-associated and neddylaton dissociation (CAND1) and transport inhibitor response 1 (TIR1), proteins involved in auxin metabolism 10 . However, deuterium at high levels is toxic for organisms 11 and deuterium-induced perturbation to cellular homeostasis was evident by altered transcript profiles in the aforementioned study, making this a suboptimal labeling strategy 10 .
Alternatively, the heavy isotope of nitrogen, 15 N, has been used in several proteomic studies and had no observable differences in growth or protein expression between plants grown with 14 N or 15 N isotopes [12] [13] [14] . We have previously used this stable isotope to measure K d and K s in 84 proteins in Arabidopsis cell culture using a 2DE MALDI TOF/TOF workflow 14 .
When considering a protein's abundance and the processes that determine it, multiple layers of biological complexity must be considered. Such complexity includes but is not limited to subcellular localization and tissue type. Various studies have reported that organellar proteins tend to have different turnover rates compared to cytosolic proteins 5, 14, 15 .
In mice, mitochondrial proteins had K d values that were generally slower and occupied a much narrower range than those observed for cytosolic proteins 5 . A recent study which assessed K d values from several subcellular fractions in human cell culture, reported that proteins with multiple subcellular localizations often turned over at different rates in the different compartments 16 . Tissue type also has a significant effect on protein turnover. In mice, the proteome as a whole turned over more quickly in the blood and liver as compared to brain tissues 5 . This pattern was consistent with mitochondrial proteins from mouse liver turning over more rapidly than those same proteins from the heart 15 An additional layer of complexity to consider in protein turnover involves proteinprotein interactions, particularly the formation of protein complexes. Components of protein complexes often have similar rates of turnover 5, 17 . Different studies have shown that ribosomal proteins and cytoskeletal complexes possessed slow turnover rates, while proteasome components turned over more rapidly 5, 17 . In contrast, a measurement of mitochondrial protein complexes in multiple tissues of mice reported little coordination of the respiratory chain complexes although all of the turnover rates for respiratory components varied over a narrow range 15 . In a detailed study in Arabidopsis cell culture of complex V (ATP synthase) subunits using 15 N labeling in conjunction with blue native (BN) PAGE and MS, we have shown that subunits exhibited diverse K d values depending on whether they were constituents of subcomplexes or the holocomplex. These data were used to propose a model for complex V assembly 18 . For complex I of OXPHOS and its subcomplexes, a similar approach was used to refine an assembly model for complex I and relate this to an evolutionary model for complex I assembly 19 .
In this study, we have modified our methods and conducted an LC-MS/MS analysis of organellar proteins from Arabidopsis cell culture in order to provide greater insight into compartment specific processes. We provide estimates of turnover rates for several hundred mitochondrial proteins. We report that different mitochondrial proteins turn over at widely divergent rates, with our data showing over 50-fold variation in degradation rates between proteins. A comparison of our data with turnover rates reported from a murine study revealed that both mitochondrial proteomes displayed similar turnover kinetics. Mitochondrial protein complexes, including the respiratory chain complexes, had turnover rates that were generally coordinated and we interpret these measurements to outline how protein K d differs within protein complexes and between functional categories.
Materials and Methods

Culture growth, isotopic labeling and organelle isolation
Arabidopsis cell culture was grown as previously described
14
. 
LC-MS/MS
Samples were resuspended in 5% (v/v) acetonitrile, 0.1 % formic acid (v/v), and the equivalent of 4 µg of tryptic digest was loaded onto a C18 high capacity nano LC chip (Agilent) in 95% Buffer A (0.1% (v/v) formic acid in Optima grade water (Fisher)) and 5%
Buffer B (0.1% formic acid in Optima grade acetonitrile (Fisher)) using an 1100 series capillary pump (Agilent). Following loading, samples were eluted from the C18 column and into an inline 6510 Series QTOF mass spectrometer (Agilent) with an 1100 series nano pump (Agilent) using the following gradient: 5% B to 45% B in 26 minutes, 45% to 60% B in 3 minutes, 60% to 100% B in 1 minute. Fractions from a given sample were analyzed in order and a blank was run between samples. The QTOF was operated in a data-dependent fashion with an MS spectrum collected prior to the three most abundant ions subjected to tandem mass spectrometry from doubly, triply, and higher charge states. Ions were dynamically excluded for 0.4 minutes following fragmentation. MS data were collected at four spectra per second while MS/MS spectra were collected at two spectra per second. were exported as .dat files, which were then converted to pep.xml using the ToPepXML tool in the Transproteomic pipeline v. 4.6 (TPP). Pep.xml files were then analyzed using the PeptideProphet from the TPP with the accurate mass binning option selected. These results were then assembled using the ProteinProphet tool, also within the TPP. For protein identification, we required at least two high-quality peptides (TPP peptide probability ≥ 0.9) giving a protein probability of ≥ 0.99. In addition, for a small subset of 8 proteins we were only able to make identifications based on 1 peptide and we required this peptide to have a TPP peptide probability ≥ 0.95.
Data analysis
For quantitation, results were exported from Mascot as xml files and the results parsed using in-house scripts written in Mathematica (Wolfram Research). As another filter, in addition to the TPP peptide probability ≥ 0.9 cut-off, we removed lower abundance peptides that had Mascot ion scores below 20 to reduce unreliable measurements. This approach, to increase stringency when combining peptide data to measure 15 N incorporation for proteins, was modified from earlier work
14
. Using the XCMS library which runs in the statistical package R, an extracted ion chromatogram (EIC) was generated ±50 ppm on the monoisotopic mass for all observed peptides. For a given peptide, the elution time is defined by picking a chromatographic peak for the monoisotopic EIC data 22 and all MS scans within one standard deviation of the EIC peak center were averaged using XCMS and exported as a tsv file. These data were then parsed with Mathematica and exported as a tab separated text file that was then analyzed by the Isodist program 23 
Results
Measurement of K d
In order to quantify protein turnover rates in enriched mitochondrial samples, organellar proteins were collected at four time points (1, 4, 5, and 7 days) following the passage of the cell culture into media containing 15 N-labeled salts in place of 14 N-labeled salts. Protein was separated using SDS-PAGE, and gel lanes excised into eight fractions that contained equal amounts of Coomassie blue staining. Gel slices were digested with trypsin and then analyzed by LC-MS/MS, with these data then searched using the Mascot algorithm 24 . These results were then analyzed using the Transproteomic pipeline (TPP) in order to determine high quality peptide identifications. For proteins identified by two peptides or more, we were able to identify and measure K d for 315 proteins presented in Supplementary   Table S1 and the identified peptides are provided in Supplementary Table S2 . In addition, there were 8 proteins characterized by only one peptide and these proteins are listed in Supplementary Table S3 . The associated peptides, which were manually inspected, given in Supplementary Table S4 and the MS/MS spectra provided in Supplementary Figure 1 .
Provided in Figure 1 , as an example of the workflow, is analysis of data for the IEAAFVLGQLESK peptide unique to the At3g62530 locus, which is annotated as an ARM repeat superfamily protein and is one of the more rapidly turning over proteins in our dataset.
First, an extracted ion chromatogram (EIC) was generated for the monoisotopic peak and the chromatographic peak determined ( Figure 1A ). Then MS scans from the top of the chromatographic peak were combined to generate an average spectrum, which was then used to assign natural abundance (NA) and heavy (H) peptide populations using the program Isodist 23 for the different time points. Even at 1 day, the H population is clearly separated from NA peptides, making for facile quantitation ( Figure 1B ). Upon inspection of the spectra and the Isodist fits, two trends were apparent. First, the H peptides were heavier (shifted to the right in the spectrum) through time, due to an increasing proportion of 15 N in the H peptides. Second, the relative abundance of NA peptides decreased as time progressed until they were only a few percent of the total population at 7 days. Using these data, the natural log of relative isotope abundance (RIA) was plotted against time ( Figure 1C ). The slope from the linear regression from this plot represents K loss , the rate at which the NA population was 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 perspective of the range of observed K d values, the ten fastest and slowest proteins are shown in 26 and another chaperone, a mitochondrial 70 kDa heat shock protein (HSP) (At4g37910). Also turning over rapidly was a protein involved in DNA/RNA metabolism, the glycine-rich RNA binding proteins 2 (GR-RBP2) (At4g13850). The ten slowest turning over proteins all exhibited 15 N incorporation ratios similar to that which was expected by the growth rate alone (K loss -K dilution ~0). These data indicate that the 14 N proteins present at the beginning of the experiment did not significantly turnover during the 7 days of the measurements. These proteins served a variety of functions in mitochondrial metabolism and biogenesis.
Links between functional category and turnover rate
To determine if function might play a role in polypeptide stability, mitochondrial proteins were sorted into functional categories. Shown in Figure 3A is a box and whisker plot of turnover rate across these functional categories. Most of the groups had median K d values that were fairly similar, but within a group there were often outliers that varied significantly from the median values, marked in Figure 3A as dots. Some functional categories exhibited somewhat quicker turnover rates, as shown by higher median K d values in Figure 3A . For instance, HSPs and proteins involved in DNA and RNA processes had relatively high median K d values. Additionally, one of the fastest turning over proteins was an HSP, while the list of rapidly turning over proteins included a protease and a DNA/RNA processing enzyme (Table   1) . These results are consistent with our prior study where polypeptides involved in RNA and DNA metabolism were the most unstable in the whole-cell proteome from Arabidopsis cell . In contrast, glycolytic enzymes had the slowest rate ( Figure 3A ). While glycolytic enzymes are not located within organelles, they have been shown to be localized to the outer surface of the outer mitochondrial membrane in a supercomplex 27 . Membrane carriers and transporters on the inner and outer mitochondrial membranes were consistently and slowly turning over, while many matrix located proteins in carbon and amino acid metabolism and electron transport were more variable and more rapidly turning over ( Figure 3A ).
In Figure 3B , K d values are presented as a box and whisker plot for protein subunits of the mitochondrial ETC and ATP synthase complexes. From the data, CII, and CV had the tightest distribution in turnover rates, while CI, CIII and CIV had wider distributions, suggesting variation between subunits of the same protein complexes. There is considerable biological interest into how the abundance of the alternative substrate dehydrogenases (ALT), which deliver electrons to ubiquinone independently of CI and CII, are regulated [28] [29] [30] . Our data show that these proteins degrade at slower rates than most of the classical pathway and 0.04 d -1 respectively. Our plant mitochondrial proteins fell between the two groups but the median value was closest to the heart population. Given the similarity in turnover of the three datasets, we felt this corroborated the quality of our preparations and measurements of K d . To investigate whether a protein's turnover rate is conserved across biological taxa, we used the BLAST algorithm 31 to align the mitochondrial protein sequences quantified from a mouse mitochondrial proteome dataset to the closest Arabidopsis homolog. Considering mouse proteins that matched to our dataset with an E-value less than 10 -20
, 49
pairs were identified from the heart and 55 from the liver (Supplementary Table 2 ) and the matches are plotted in Figure 5B . A Spearman rank correlation between the mouse heart mitochondrial proteins and Arabidopsis mitochondrial proteins yielded a correlation of only 0.18 and was insignificant (P=0.21). In comparison, the mouse liver and Arabidopsis matches produced a correlation of 0.46 that was significant (P=0.0004) but neither correlation was particularly strong. Notably, the correlation between the same mitochondrial proteins in the liver and heart tissues was only 0.50 (p= 2.2x10 
Discussion
Protein turnover is known to play an integral role in several aspects of plant physiology. For example, the rapid replacement of damaged photosynthetic proteins is crucial for maintaining carbon fixation and under environmental stress inadequate protein turnover can limit primary production 32 . Additionally, the role of protein degradation is known to play an important role in several aspects of hormone signaling in plants 1, 33, 34 while also participating in the day to day operations of the cell through regulation of circadian oscillations 35 . Given that high-volume measurement of K s and K d is still a relatively new area in proteomic research, application of these approaches to a variety of biological contexts will facilitate the generation of new hypotheses for future experiments.
Most protein turnover studies to date have focused on analysis of whole-protein extracts and have produced large datasets that yielded novel biological insight 5, 8, 17 . However, despite the dramatic improvement in proteomic instrumentation over the last decade, these technologies still have a restricted dynamic range, which will limit the depth of turnover studies of crude lysates. Alternatively, by focusing our analysis on an enriched organellar fraction we believe we can gain greater insight into specific biological processes, which are often compartmentalized within relatively low abundance organelles.
DNA/RNA metabolism and stress responsive proteins rapidly turn over in Arabidopsis organelles
Typically, proteins with fast turnover rates are believed to represent potential points of control and regulation. Several enzymes involved in DNA/RNA processes inside organelles turned over rapidly, which is consistent with our earlier observations of nuclear components involved in DNA/RNA processes in whole extracts of Arabidopsis cell culture
14
. GR-RBPs play complex roles as RNA splicing enzymes or RNA chaperones and stability factors 36 . It is not clear why, inherently, these proteins should be rapidly turning over as they have a continuing maintenance function in mitochondria in managing the transcript pool from transcription of the mitochondrial genome. However, given that they are stress inducible genes in plants 36 , tight transcriptional control of their abundance may be important.
Other proteins exhibiting rapid degradation included specific proteases, heat shock chaperones or proteins which were associated with oxidative stress. All of these are proteins involved in stress response or response to environmental damage. Rapid turnover of these proteins, relative to the rest of the organelle proteome, will better enable transcriptional 
Glycolytic enzymes protected by mitochondrial attachment
At the other end of the spectrum, the slowest turnover functional category was the glycolytic machinery found in the organelle pellets. While glycolysis is a series of cytosolic reactions, a portion of the glycolytic enzymes form a supercomplex that is physically tethered to the outer mitochondrial membrane in plants, so that a mitochondrial-enriched sample would contain only a subpopulation of the glycolytic machinery of the cell as a whole 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 comparison to the wider cellular population of glycolytic enzymes. This stabilizing influence of attachment to mitochondria provides new information regarding the consequences of this attachment, which previously has only been considered in the context of providing substrate channeling from glycolysis to the TCA cycle 27 .
Variation in the turnover of protein complexes
Another area of interest with regards to protein turnover is how protein complexes and their respective subunits are recycled, be it piecemeal or as entire complexes or subcomplexes. Differential turnover rates between subunits of a complex may indicate if specific components are most liable to damage during their functioning, and are turned over independently of the complex as a whole. In addition, analysis of the subunits of complexes may provide insight not only into complex recycling but also provide information about complex assembly. In a range of published datasets, subunits of protein complexes have been shown to typically turnover at the same rate 5, 8, 14, 16 . However, closer examinations of the mitochondrial CI and CV of plants has provided insight into complex assembly as well as components of the complexes that appear to be turned over more quickly, likely as a result of being intermediates in synthesis of the larger complexes 18, 19 . In both of these earlier studies, the analysis was of BN-PAGE, separated proteins and K d values presented were for holocomplexes and subcomplexes. In comparison, our data represent an average of the holocomplexes, subcomplexes, and uncomplexed proteins. However, similarities between this and the other datasets were apparent. Collectively, the subunits of the matrix-facing soluble arm of CI turned over at a faster rate compared to the rest of the complex, presumably as a result of damage and recycling, whereas the membranous components were slower.
Additionally, the ancestral CI component of CA and CA-like proteins had slower turnover values than the rest of the membrane aim, similar to our prior study where gel bands were displayed a turnover rate that was three times faster than the rest of the complex. Little to nothing is known regarding the function of these subunits, although it is speculated that they are regulatory in nature rather than catalytic 37 .Therefore, the turnover data presented here could suggest that the rapid proteolytic degradation rate of SDH5 needs to be considered alongside study of its potential role in regulation of the complex. Most of the CIII subunits had a slow turnover, consistent with being subunits of the same complex, with the exception of subunits 10 and 11 (QCR9 and UCRY), which were degraded at a significantly faster rate.
These subunits are both small (<10 kDa) and are known to be physically located next to each other in the complex. It is conceivable this portion of the complex is prone to chemical damage or dissociation. For complex IV, most of the subunits possessed similar K d values with the exception of COX VIa, which was approximately three times faster than the rest of the complex. In both mammals and yeast, this protein has been suggested to play a regulatory rather than a catalytic role in COX function 38, 39 . In mammals, tissue specific isoforms of COXVIa are found and have been linked to differential regulation of COX function by changing the circumstances under which COX becomes ATP-inhibited. ATP-inhibition leading to a slip in proton pumping, is found permanently when the liver-type COXVIa is present (subunit VIaL) but is only observed at high intramitochondrial ATP/ADP ratios when the heart-type isozyme (subunit VIaH) is present 38 . It is conceivable in plants that COX VIa would also play a regulatory role. There is only one isoform of COX VIa in Arabidopsis, which should simplify genetic analysis of the role of COX VIa in CIV function.
The role of internal proteolysis vs autophagy in organelle turnover
The degree to which various proteolytic pathways contribute to organelle protein turnover and organellar homeostasis in plants remains unclear. There are many compartment specific proteases present in different organelle types 26, 40, 41 and the plastid is also known to recycle proteins from the outer-membrane via the ubiquitin/proteasomal pathway 42 .
Additionally, mitochondria regularly engage in fusion and fission in plants and animals, and it is hypothesized in animals that this allows damaged contents such as proteins to be sorted and targeted to the lysosome for degradation 43 . The Parkin and PINK proteins are components of this machinery, and it is believed that human pathologies such as Parkinson's disease may be caused by mitochondrial dysfunction when these repair mechanisms fail.
Therefore, this process is of much interest in biomedical research 44 . In contrast, very little is known regarding the mitophagy or autophagy of organelles in plant systems. Recent studies have demonstrated the importance of autophagy in plant survival under environmental stress 45 , the importance of autophagy in the physiology of seed filling 46 and a role for autophagy in plastid degradation in darkened leaves 47 . However, the relative importance of this process to the total protein turnover rate in plants is not clear. In a large scale analysis of protein turnover in multiple tissues of mouse, mitochondrial proteins had K d values that were slow and only extended over a narrow range, leading the authors to suggest that autophagy may be a primary determinant in mitochondrial protein turnover in this tissue 5 . In contrast, a more detailed study that focused on turnover of mitochondrial proteins in mice reported K d values which varied by more than two orders of magnitude, leading these authors to conclude that 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 mitophagy did not play a clear and overwhelming role in mitochondrial protein turnover 15 . In our previous study of whole cell lysates of plants, relatively few mitochondrial proteins were quantified and the proteins that were quantified were from abundant protein such as those from the TCA cycle and ETC components and most were of a similar magnitude 14 . When considering our new dataset, the K d values of the organelle proteins spanned more than a 50-fold range. Given this broad range of turnover rates, it is difficult to conclude that most mitochondrial proteins are being turned over en masse by simple mitophagy-like processes in plants. However, we cannot rule out the possibility that sorting of damaged proteins in combination with mitophagy plays a significant role for the major machinery that has a similar slow rate of turnover. One possible mechanism is that the occurrence of mitochondrial fusion and fission events provides an opportunity to sort damaged mitochondrial proteins into vesicles that are then trafficked to the vacuole for degradation.
Conclusion
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